Neural tube defects are one of the commonest congenital malformations of the central nervous system, with an average prevalence at birth of 1 per 1000. They are caused by a failure in the process of neural tube closure. Under normal circumstances, the nervous system forms a closed tube after 4 weeks of gestation. Sometimes, for principally unknown reasons, the neural walls do not fuse. This may result in a minor or a major defect: spina bifida occulta or spina bifida aperta, respectively. When the lesion occurs in the cranial region the anomaly is called anencephaly (1, 2) .
In contrast to some other congenital malformations, neural tube defects are strongly believed to be caused by multiple factors. It was established that the frequency of spina bifida and anencephaly varies with a number of demographic factorstime, place of residence, sex, ethnic group, family history, social class, and maternal age and parity-which can be partly genetic and partly exogenous (3) . The association of neural tube defects with socioeconomic status (higher prevalence of neural tube defects in lower socioeconomic classes) is assumed to be caused by maternal vitamin deficiency and dietary habits. Accordingly, many articles have been published about this relationship (4) .
Another possible hypothesis for the difference in the prevalence of neural tube defects between high and low socioeconomic status is the influence of parental occupational exposure. As the classification of socioeconomic status is mainly based on the occupation of the father, occupation thus seems to be the most important component of socioeconomic status. Other exogenous factors include the occurrence of infections, alcohol consumption, smoking, and environmental pollution (5) .
Reviews about risk factors in general and diet in particular have already been written (3) (4) (5) (6) . Therefore, this review does not aim to provide a complete summary but only gives a brief overview of the main risk factors for neural tube defects described in recent literature. In addition, it summarizes the available epidemiological evidence for the occupational exposure hypothesis. We consider environmental and occupational exposure extensively in order to highlight specific occupations and environmental and occupational factors that may play a part in the etiology of neural tube defects.
Materials and Methods
To evaluate all relevant articles concerning neural tube defects, spina bifida, anencephaly, and factors associated with their occurrence (especially environmental and occupational factors), we conducted an online computer search on Medline of the years 1988-1991 and on the department's literature system on reproduction and occupation with the key words "neural tube defects" or "congenital defects" in general, "environmental and occupational exposure, industry," and "occupation."
Additional papers were traced through the references listed in the articles and reviews found in the search. We selected articles concerning etiologic factors in general, whereas the articles on environmental and occupational exposure were all included. Because the results from experimental animal studies cannot easily be extrapolated to man, only human epidemiological studies were selected. Furthermore, only recent articles (the majority published after 1980) have been included in this review. Finally, the quality of the papers has not been a criterion for selection because of the small number of publications on this subject, although this factor is addressed when appropriate.
Risk Factors for Neural Tube Defects
A number of demographic factors are associated with the occurrence of neural tube defects, like time, place of residence, sex, ethnic group, family history, and social class. In relation to the social class, some exogenous factors seem to be related to the occurrence of neural tube defects (e.g., maternal illness and medication, diet, smoking, and alcohol consumption). These (possible) risk factors are discussed briefly below, followed by a more thorough consideration of occupational and environmental factors.
Sex, Race, and Place Sex differences clearly exist in the prevalence of neural tube defects. More girls than boys are born with spina bifida (sex ratio 1/0.8); the sex ratio for anencephaly varies more widely (between 1/0.45 and 1/1) (3). The prevalence rates of neural tube defects also differ noticeably between geographical areas and ethnic and racial groups. Although these differences are widely accepted, Borman and Cryer (7) claim that geographical patterns may be attributable to variations in the design, definitions, precision, and validity of the studies used to describe these patterns. Still, it has been found that whites have higher rates than blacks; Jews have an extremely low prevalence (8) . Data from the International Clearinghouse for Birth Defects Monitoring Systems (9) show that both the rates for anencephaly and spina bifida are exceptionally high in Mexico (average rates between 1985 and 1988 of 19/10,000 and 18/10,000, respectively) and in Northern Ireland (10/10,000 and 17/10,000, respectively). On the contrary, rates from Finland are as low as 1/10,000 for spina bifida, while most countries report rates between 3 and 6 per 10,000 births. As for anencephaly, the variability is somewhat greater (9) . What is noteworthy is the suggestion by Seller (10) that the incidence of neural tube defects associated with chromosome abnormalities may be uniform and that it is the incidence of the multifactorial type (with normal chromosomes) that varies geographically. This points toward an effect of exogenous risk factors.
Time and Season
As investigated in studies of long-term trends, the Seasonal fluctuations in the occurrence of neural tube defects vary with time and place. In Britain, for example, peaks were seen in spring conceptions for spina bifida and anencephaly in some areas, whereas an absence of both defects among spring conceptions was observed in South Wales. An excess of spina bifida among spring conceptions was also seen in Hungary during the 1960s (3). More recent data from Britain show a statistically significant peak of July conceptions, which is a constant pattern in all parts of Great Britain (14) . No both factors are responsible for the association is not entirely clear. Leck (3) and Roberts and Lowe (17) refer to a Japanese study in which the prevalence of neural tube defects in artificially interrupted pregnancies is 10 times higher than the prevalence at birth, suggesting that 90% of the neural tube defects are lost in early pregnancy and the true incidence is much higher than the reported birth prevalences. In line with this hypothesis, investigators from Finland reported that mothers with children affected by spina bifida significantly more often had a history of stillbirths [odds ratio (OR) = 4.5, p<0.05] and spontaneous abortions (OR = 1.8, p<0.05) than control mothers. The number of other live-born infants with anomalies was also higher among mothers of children with spina bifida (18) . The previous pregnancy outcome of the mother also seems to be a risk factor for the occurrence of neural tube defects.
Siblings and Consanguinity of Parents
Relatives of people with a neural tube defect face higher risks of having a child with a neural tube defect than the general population (18) . This risk will depend on the number of predisposing genes they have in common with the patient (19): 50% for first-degree relatives, 25% for second-degree relatives, and 12% for thirddegree relatives. The recurrence risk of a neural tube defect is 5%. Consanguinity of parents has also been found to more than double the risk in high prevalence areas (6) .
Socioeconomic Status
Several studies have investigated the relationship between the occurrence of neural tube defects and socioeconomic status (20) (21) (22) (30) . Lindhout and Meinardi (31) concluded from their data that a causal relationship existed as well. The absolute risk for spina bifida after use of valproic acid during pregnancy is believed to be 1-2%, comparable to the recurrence risk for neural tube defects (30) . In addition, an association between the use of the anticonvulsant carbamazepine and spina bifida, controlled for valproic acid, has been described (32) , although only small numbers were found in this cohort study. A pooled analysis of 22 cohort studies led to the conclusion that a 1% risk of spina bifida exists after carbamazepine use.
In view of the excessive use of oral contraceptives, studies have been performed to investigate the effect of their use on subsequent offspring. Kasan and Andrews (33) found significantly more infants with neur--a Q aZgI al tube defects among users of oral contraception in the 3 months before their last menstrual period or in early pregnancy compared with nonusers. In a smaller study, increased, but not statistically significant, ORs for oral contraceptive and intrauterine device use a month before pregnancy were found.
It has also been reported that women who use drugs to induce ovulation before conception are more likely to have children with neural tube defects (5, (35) (36) (37) .
Whether this association is caused by the drug clomiphene or by the underlying infertility is not clear. In some studies the association has not been found at all (38, 39 (25) . Results from the Hungarian randomized controlled trial of multivitamin supplementation among women who had not had a prior neural tube defect-affected pregnancy were reported in 1992 (42 
Folic acid also seems to play a role regarding other factors associated with the risk of neural tube defects, such as undergoing gastric bypass (43) , use of oral contraceptives (33, 44) , suffering from the metabolic disorder homocysteinaemia (45) , and the use of valproic acid and aminopterin, both of which are folic acid antagonists (3, 4) .
It has been stressed by Seller (46) that a deficiency of nutrients need not only result simply from a deficiency in the mother, but might also be caused by a disorder in metabolic processes. In regard to folic acid, Smithells had earlier suggested that pregnancy itself might be of more significance than changes in folate consumption (40) . In the studies cited above, only deficiencies have been discussed as causal factors for neural tube defects. On the other hand, excessive intake of specific nutrients may also have adverse effects. An example of a teratogenic nutrient is vitamin A (46).
Smoking and Alcohol Consumption
Few studies have been carried out with respect to smoking and alcohol consumption as risk factors for the development of neural tube defects. Heary et al. (47) found a statistically significant positive association of smoking of the father with neural tube defects in a study with small sample size, which disappeared when matched analyses were performed. Recently Zhang et al. (48) conducted a case-referent study of paternal smoking and birth defects in a population in which paternal alcohol use and maternal smoking (both possible confounders) are rare. They found a modest relationship between paternal smoking and overall birth defects (OR = 1.2, 95% CI: 1.0-1.5); more markedly elevated risks were identified for anencephaly (OR = 2.1), spina bifida (OR = 1.9), and two other anomalies. In a Swedish study, the OR for smoking of the mother was 2.0 (95% CI: 0.9-4.6), based on information from 84 case mothers and 156 control mothers (34) . With respect to alcohol consumption, case-studies from Castro-Gago et al. (49) and Friedman (50) report alcohol abuse in the first month of pregnancy in several mothers of infants with neural tube defects.
Environmental Pollution
It is difficult to investigate the effect of environmental pollution, and results are hard to interpret. Incidence rates have to be related to factors of pollution in a particular area, while other demographic variables have to be considered as well. Still, some studies concerning environmental pollution and neural tube defects have been conducted.
In the United States, two studies have been carried out with respect to airport noise and birth defects. In the first one, a higher-than-expected number of abnormal births, including spina bifida and anencephaly, was found in the noisiest census tracts (51) . The authors do not automatically attribute the increased prevalence of abnormal births to jet landing noise. They suggest alternative factors such as jet aircraft pollutants, among which metallic particles are probably the most serious, and stress through the disturbance of sleep patterns (51) . The other study (52) did not entirely confirm the earlier findings. No association with any category of defects was found, except for spina bifida with hydrocephalus. Because of the small number of cases, a case-referent study of all neural tube defects was done afterwards. Although the data did not rule out a slight association, no statistically significant association was found between the high-noise area and neural tube defects.
Recently, several studies have been carried out with respect to neural tube defects as a consequence of the Chernobyl accident in May 1986. In the Bursa region of Turkey, a dramatically increased frequency of neural tube defects was reported during the first 6 months of 1987 (20/1000 compared to 6/1000 between 1983 and 1986). During the period July 1987-June 1988, the total number of neural tube defects decreased gradually, supporting the hypothesis of an adverse effect of radiation (53) . A significant increase in the incidence of neural tube defects after 1986 was also observed in the Black Sea region of Turkey (4.4/1000 compared to 2.1/1000 between 1981 and 1986, p<0.0001) (54) . Although detection bias (increased detection through more attention to anomalies in that region) might have accounted for part of these increases, they might also be due to the nuclear contamination of the region after the Chernobyl accident. In Norway, no associations were found for conditions earlier reported to be associated with radiation, such as anencephaly and spina bifida (55 sure represented less than a 0.05% increase over the natural background of 1 mSv, whereas the dose required to double the incidence is more than 1000 mSv. Because agriculture was an important activity in the area, the authors hypothesized that the increased rates might be related to the use of agricultural chemicals.
In this context research has been done in Australia, in which incidence rates of spina bifida and anencephaly in New South Wales and annual usage rates of the herbicide 2,4,5,-T for the whole of Australia were examined (52X). Data covering 10 years yielded a linear correlation between a previous year's usage and the annual combined birth rate of anencephaly and spina bifida. A significant seasonal variation in birth rates of neural tube defects was also found: highest for summer conceptions, and a survey in New South Wales revealed maximum spraying during the summer months. These data cannot be taken as direct evidence of a causal association, but they are an indication that seasonal events may be important in the origin of neural tube defects. A more recent study conducted by White et Exposure to herbicides and pesticides may also occur through the consumption of green leafy vegetables and the use of polluted drinking water. Studies on nitrate concentrations in drinking water and the risk of neural tube defects and central nervous system defects in general have been conducted. An Australian study revealed an association between nitrate concentrations and the risk of neural tube defects (59) . A more recent study (60) was not able to confirm these data; only weak associations were found between nitrate exposure in water and central nervous system defects. Likewise, Swedish investigators did not find associations between the occurrence of neural tube defects and average water nitrate content (34) .
Occupational Risk Factors
So far, little has been known about the effects of parental occupational exposure on the development of neural tube defects in general or spina bifida and anencephaly in particular. Yet many studies have focused on congenital anomalies in general. Although neural tube defects often form part of that group, sample size is consequently small, and conclusions cannot be drawn with respect to neural tube defects alone. These studies are only considered here when a cluster of central nervous system defects [of which the greatest part are neural tube defects (2) ] or a cluster of neural tube defects is sufficiently large to yield possible associations.
In a study on congenital malformations and parental occupation in Finland, women working in industrial occupations and construction had more children with central nervous system malformations than referent mothers (OR = 1.6, p<0.05). No statistically significant ORs were found with respect to paternal occupation. Noteworthy is the fact that differences in the risk of malformations were more pronounced for the occupational groups than for the social classes, suggesting that occupation itself or related factors determine the risk to a greater extent than social class (61) . In a subsequent article, Hemminki et al. (625 report results from the same sample of cases and referents, adjusted for a number of confounding factors such as social class, tobacco smoking, and medication. Controlling for these factors increased the risk of central nervous system malformations for mothers employed in industry, construction, transport, and communication (OR = 2.0, p<0.001), again suggesting that social class was not responsible for the effect (62) . A Danish study, investigating the relationship between organic solvent exposure and malformations of the central nervous system, revealed an increased risk that was statistically significant for fathers working as painters (prevalence ratio of 4.9, 95% CI: 1.4-17.1). This association was unexpected because the hypothesis concerned exposure of women. However, only two women were employed in occupations with possible exposure to organic solvents, so an association between maternal exposure and central nervous system defects could not be investigated (63) .
Some studies indicate an increased risk for neural tube defects when congenital malformations are divided into malformation categories. Among these is the study of Holmberg and Nurminen (64) , who found that significantly more mothers of a child with a central nervous system defect had been exposed to organic solvents during the first trimester of pregnancy compared with control mothers. Among the 14 cases of central nervous system defects in which the mother had been exposed were 8 children with anencephaly or spina bifida. Sikorski et al. (65) conducted a study among women in dental surgeries. Metallic mercury exposure was determined through levels in scalp and pubic hair and found to differ statistically significantly from a control group. More spontaneous abortions, stillbirths, and congenital defects occurred in dentists and dental assistants compared with the control group (24% and 11%, respectively), whereas five out of six malformations were spina bifida. A Only a few studies have been carried out with the specific aim of investigating the relation between neural tube defects, spina bifida, or anencephaly and parental occupational exposure. One of these studies is the Anencephalus Oxford Record Linkage Study conducted by Fedrick (70) , in which occupations of the fathers of children with anencephaly, as described on the birth certificates, were compared with the occupations of all fathers in the area. Although numbers were small, statistically significant associations were found fore -printers (RR = 6.7, p<0.001), painters and decorators (RR = 2. (59) . The specific relation between the risk of neural tube defects and occupation of the parents has not often been investigated, and seldomly properly. In the majority of studies, registries or job titles were used instead of information about exposures given by the parents or actual measurements. Thus, because of the limited studies on neural tube defects, studies on central nervous system malformations in general were taken into account in this review. Furthermore, most of the studies involve small numbers. As case-referent studies are concerned, this means that only a few cases are found per category of occupation; as for cohort studies investigating one occupational group, this means that only a few cases occur in a specific malformation category. Also, some studies only concern occupations of the mothers, whereas others investigate only paternal occupation, the latter being biologically less plausible.
Because of the limitations and methodological differences described above, it is difficult to draw conclusions. Yet (61, 62) . Mothers working as dentists (65) , hairdressers, farmers (71) , or laborers (70Q and mothers exposed to solvents (64) probably face higher risks of delivering a child with a neural tube defect. With respect to the fathers, it has been found that painters (69, 70) , printers, decorators, drivers (69), plastic production workers (70) , farmers (66, 71) , those working in the food, beverage, wood and textile processing industries (67) and those exposed to low-level ionizing radiation (68) probably have a higher risk of having children with neural tube defects.
It is not very surprising that, despite differences in methodology, the different researchers have not found unequivocal results. As Little and Elwood also conclude in their review (73) , working conditions and legislative control on occupational exposures vary between countries and within time. Because the results are not always consistent with each other, straightforward conclusions about the etiology of neural tube defects thus cannot be drawn, and relevant recommendations concerning prevention cannot be given until more specific and especially larger studies are conducted that confirm or refute the findings. Further research should not only focus on occupational title but on specific exposures and exposure levels as well. Attention should be directed toward the workers mentioned above, as these groups seem to be at an increased risk to have more infants with neural tube defects.
